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With the rapid development of the Internet of things (IoT) technology, the application of IoT has been expanded greatly, and the
disadvantages of the traditional battery power supply have become increasingly prominent. The power supply mode limits the
development of the concrete structural health monitoring network. And the application of magnetic resonance coupled wireless
power transfer technology can solve the problem of power supply to sensors embedded in concrete. The corrected transmission
efficiency considering the concrete conductivity is proposed which establishes the relationship between the electromagnetic field
and the circuit model. And the field-circuit coupled model of asymmetric wireless power transfer system in concrete is
developed. The effects of radial offset and axial dislocation on the transmission efficiency at different concrete conductivity are
further analyzed. The relationship between the resonant frequency and the transmission efficiency in different concrete
conductivity is analyzed, and an optimization scheme is proposed to improve the transmission efficiency. Finally, the
experimental setups are established, and the theoretical analysis is verified. The conclusions cannot only break through the
bottleneck of the scale of the concrete structural health monitoring network but also further releases the application potential of
IoT.

1. Introduction

In recent years, Internet of things (IoT) technology has been
applied in many fields of our life. With the development of
application, different IoT specifications and semantic mobile
computing technologies have emerged [1–3]. The stable
power supply of each part is the basis for realizing the service
interoperability between different platforms. Lithium batte-
ries are widely used in the field of wearable devices and
industrial IoT, and the mainstream development trend is to
reduce the loss current by simulating the design technology
and power system technology to extend the system operation
time and standby time. But the current power solutions can-
not fundamentally solve the problem of system interruption
caused by battery charging and replacement. In the field of
Internet of vehicles, the power system needs to adopt a com-
bined integrated power management solution with the

increasing number of onboard intelligent modules to achieve
stronger system power performance. But the transmission
speed of information still poses a great technical challenge
to the power solution.

The concrete structural health monitoring network is
capable to realize the damage identification and the safety
judgment for buildings, bridges, and tunnels through kinds
of sensors embedded in concrete that collects real-time data
and upload the data to the information processing center.
Continuous and stable operation of system can be realized
by introducing contactless power transfer technology, which
can avoid the corrosion of concrete to damage power supply
cable of sensors. And the cost of battery replacement can also
be reduced for the battery-powered sensors embedded in
concrete. This technology can be extended to the whole field
of the IoT which can increase the coverage of IoT and reduce
the production cost of products. It can also provide a new
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power solution for the IoT ecosystem. The landmark of con-
tactless power transfer from concept to application was the
proposal of magnetic resonance-coupled wireless power
transfer which achieved efficient midrange power transfer
[4]. Since then, scientists began to explore and research this
emerging field and had considerable achievements [5–8].
The application of technology can further promote the devel-
opment of the concrete structural health monitoring
network.

A high-frequency rectangular patch antenna was pro-
posed to demonstrate the feasibility of wireless power supply
to sensors embedded in concrete in [9]. The problem of wire-
less power supply to sensors embedded in concrete was
solved by the application of wireless power transfer technol-
ogy in [10]. And the experimental setup was built to verify
the transmission performance. Steel bars in concrete were
proposed as the medium of low-frequency magnetic induc-
tion to realize long-distance wireless power transfer in [11].
The wireless power transfer system that the resonant fre-
quency was fixed at 60Hz was built in [12]. And the effi-
ciency formula including copper core losses in concrete was
derived, and the effect of the shape of magnet pole pieces
on the transmission performance was analyzed. The effect
of reinforced concrete widely used in metro construction
on the transmission performance was analyzed in [13]. And
the unnecessary loss including dielectric loss, the hysteresis
loss, and the eddy current loss was derived through analytical
formula and finite element analysis. The result showed the
eddy current loss was the main reason of performance degra-
dation. A novel multicoil resonator was designed which was
capable to solve the problem of low transmission efficiency
in [14]. And the interference of reinforcement array was can-
celed through adding the four middle coils to a certain extent.
The transmission efficiency was compared between the sys-
tem in dry concrete and free space in [15]. And the output
power was measured in different concrete medium when
the input power was constant. The models of the low power
near-field system in dry and wet concrete were established
in [16]. And the DC current and output power gradually
increased with the drying of wet concrete. The wireless power
transfer system in concrete was developed in [17]. And the
concrete material mixed in a certain proportion was verified
to improve the transmission performance. The effects of the
height of transmitting coil, the depth of receiving coil, and

the concrete humidity on the transmission performance were
analyzed by the extended Debye model in [18]. The radial
offset and axial dislocation between the coils are common
asymmetrical conditions, which are important factors that
cause the change of transmission performance. The formulas
of self-inductance and mutual inductance of circular coil in
near field wireless power transfer were given in [19]. And
the formulas of the mutual inductance and the transmission
efficiency in the case of misalignment also were derived,
and the effect of radial offset and angular misalignment was
studied. A mathematical model of wireless power transfer
system with series-parallel compensation network was devel-
oped, which was capable to determine the circuit parameters
under various misalignment conditions in [20]. And the
mathematical model was used to realize the preliminary
design of the system. The mutual inductance formulas in
the case of radial offset, axial dislocation, and general mis-
alignment between the coils were derived, and the relation-
ship between the optimal transmission performance and
the turns of the coils was defined in [21]. The change of trans-
mission performance when the misalignment occurs was
analyzed, and an optimization scheme was proposed to
improve the transmission efficiency by changing the relative
position between the coils in [22]. A novel coil structure
was designed to realize stable transmission performance with
the varying of angular misalignment in [23, 24]. A multivar-
iable dynamic tuning method was proposed in [25]. And the
maximum output power point was tracked through monitor-
ing the size and phase of the inductance current.

In Section II, the eddy current equivalent resistance and
corrected mutual inductance voltage is presented, and the
corrected transmission efficiency formula is analyzed. In Sec-
tion III, the asymmetric wireless power transfer in different
concrete conductivity is analyzed, and an optimization
scheme to improve the transmission efficiency is proposed.
In Section IV, the experimental setups are established, and
the theoretical analysis is verified. In Section V, the results
are listed. In Section VI, the paper is summarized and the
limitations are elaborated.

2. Theoretical Analysis

The schematic diagram of asymmetric wireless power system
in concrete is shown in Figure 1. Here, t is the radial offset
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Figure 1: Asymmetric wireless power transfer system in concrete.
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distance, and α is the dislocation angle. And the receiving coil
is sealed in concrete. The concrete medium has different con-
ductivity due to the different humidity environment and
manufacturing process. The conductivity of concrete
medium is generally 0.4-5 S/m. There is sinusoidal alternat-
ing current in the transmitting loop and the receiving loop.

The sinusoidal alternating electromagnetic field gener-
ated by the sinusoidal alternation current is periodic field
with the variation of time. And the complex Maxwell equa-
tions can omit the process of solving the time, reduce the
complexity of solution, and realize the transformation from
the time domain to frequency domain.

The complex Maxwell equations are as follows:

∇ ×H = σE+jωεE

∇ × E = −jωμH

∇ ⋅ μH = 0

∇ ⋅ εE = ρ,

8
>>>>><

>>>>>:

ð1Þ

where E is the electric field strength, H is the magnetic
field strength, σ is the conductivity, μ is the permeability,
and ε is the dielectric constant of the medium. According
to (1) and (2), the constraint equation of electric field can
be derived as follows:

∇ × ∇ × Eð Þ = ∇ ∇ ⋅ Eð Þ − ∇2E, ð2Þ

∇2E +
1

σ + jωε
∇ ∇ ⋅ σEð Þ = jωμ 2σ+jωεð ÞE

∇ ⋅ E +
1

σ + jωε
∇ ⋅ σE = 0:

8
>>><

>>>:

ð3Þ

The electromagnetic field model of the coil is built in the
cylindrical coordinate system, and the coordinates of any
point in the field are (ρ, φ, z). The radius of the coil is r,
and the effective value of the sinusoidal alternating current
is I. The distance from the xOy plane is d, and the axial of
the coil coincides with z-axis. The field is divided into two
parts by the plane of the coil for ensuring that no external
source in the solution area. And the boundary value problem
of electric field is analyzed. Since the electric field is the eddy
electric field parallel to the plane of the coil, the boundary
value problem of electric field can be simplified as the bound-
ary value problem of circumferential component of electric
field.

According to (3), the constraint equation of electric field
is simplified as follows:

∇2Eϕ −
jωμ σ + jωεð Þ + 1

ρ2
Eϕ = 0: ð4Þ

Boundary conditions for the plane of the coil are

expressed as follows:

E2ϕ − E1ϕ = 0,

∂E2ϕ

∂z
−
∂E1ϕ

∂z
= jωμIδ ρ − rð Þ:

ð5Þ

Boundary condition for the infinite far place is expressed
as follows:

lim
x→∞

eEϕ = cϕ, ð6Þ

where e is the distance from the coordinate origin to the
point (ρ, φ, z) and c is the bounded constant vector indepen-
dent of the coordinate system. By solving the ordinary differ-
ential equation, the electric field strength E is obtained from
the above boundary conditions as follows:

E = −
jωμrI
2

ð∞

0

λJ1 λrð ÞJ1 λρð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2 + jωμ σ + jωεð Þ

q e z−dð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2+jωμ σ+jωεð Þ

p
dλeφ:

ð7Þ

And the eddy current loss generated by the eddy electric
field is as follows:

PLoss =
ð

v
σE2dv, ð8Þ

Where v is the solution area of eddy current loss between
the coils.

According to (7) and (8), the eddy current loss is directly
proportional to the square of the effective value of current.
Therefore, the eddy current equivalent resistance is defined
as the eddy current loss divided by the square of the effective
value of current as follows:

RLoss =
PLoss

I2
, ð9Þ

where RLoss is a function of conductivity. The relationship
between the electromagnetic field and the circuit model is
established by the eddy current equivalent resistance which
can simplify the analysis parameters and process. And it is
easier to analyze the effect of concrete conductivity on the
transmission efficiency.

The asymmetric coil model is shown in Figure 2. The
radial offset and axial dislocation affect the mutual induc-
tance between the coils and further reduce the transmission
efficiency. In [22], the mutual inductance formula for radial
offset and axial dislocation was derived as follows:

M =
μ0n1n2
4π

ð2π

0

ð2π

0

r1r2 sin θ sin φ cos α + cos θ cos φð Þdθdφ
RQN

,

ð10Þ

where the cylindrical coordinate system is adopted and
the coordinates of the center of the receiving coil are (0, t, d
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). The mutual inductance voltage phase is 90° behind the
excitation current phase in the air, but the mutual inductance
voltage phase is no longer 90° behind the excitation current
phase in concrete, and the effective value also has changes.
The mutual inductance voltage formula in concrete is cor-
rected, and the formula is as follows:

U12
concrete = −f σð ÞjωMIconcretee

−jβ, ð11Þ

where f ðσÞ is a function of conductivity which is defined
as the correction coefficient of the effective value and β is the

difference of electric field strength phase between air and
concrete. There are two differences between the circuit model
and the corrected model: the eddy current equivalent resis-
tance and corrected mutual inductance voltage as shown in
Figure 3. US is the high-frequency voltage source. R1 and
R2 are the equivalent resistance of the transmitting loop
and the receiving loop. L1 and L2 are the self-inductance of
the transmitting coil and the receiving coil. C1 and C2 are
the equivalent compensation capacitance. RLoss1 and RLoss2
are the eddy current equivalent resistance. M is the mutual
inductance between the coils. RL is the equivalent load
resistance.

According to Kirchhoff’s law, the voltage equations can
be expressed as follows:

U1 = I1R1 + I1RLoss1 + jωL1I1 +
1

jωC1
I1 − f σð ÞjωMI2e

−jβ,

−f σð ÞjωMI1e
−jβ = jωL2I2 + I2RLoss2 + I2R2 + I2RL +

1
jωC2

I2:

ð12Þ

In order to facilitate the calculation, assuming R1 = R2
= R, C1 = C2 = C, and L1 = L2 = L. And the current of the
transmitting loop and the receiving loop is as follows:

The transmission efficiency is determined as follows:

η =
f σð Þ2ω2M2e−j2βRL

R + RLoss1ð Þ R + RL + RLoss2ð Þ + f σð Þ2ω2M2e−j2β
� �2

R + RL + RLoss2ð Þ
:

ð14Þ

The transmission efficiency formula considering the con-
crete conductivity is derived which shows that the concrete
conductivity is an important factor that causes the change
of transmission performance. It is mainly reflected by the
eddy current equivalent resistance and corrected mutual
inductance voltage. Also, the radial offset and axial disloca-
tion between the coils are common asymmetrical conditions
in the specific engineering. Therefore, it is necessary to study
the effect of radial offset and axial dislocation between the
coils on the transmission efficiency at different concrete
conductivity.

3. Establishment and Analysis of System Model

In this section, Maxwell and Simplorer are used to establish
the model of asymmetric wireless power transfer system with

the transmitting coil in the air and the receiving coil in the
concrete. The three-dimensional system model established
in Maxwell is shown in Figure 4. And the design parameters
are shown in Table 1.

In order to study the effect of the conductivity of concrete
medium, the dry concrete, wet concrete, and reinforced con-
crete is used as the transmission mediums. According to the
normal standard parameters, the conductivity is set to 1 S/m,
3.8 S/m, and 4.9 S/m, respectively. The three-dimensional
system model is imported into the external circuit that estab-
lished in Simplorer. The stop time is 10μs, the time step is
0.02μs, and the circuit parameters are shown in Table 2.

The spatial distribution of magnetic flux density at differ-
ent radial offset distance is shown in Figure 5. In Figure 5, the
magnetic field is mainly distributed inside the coils and
between the coils, indicating that the transmission of energy
is achieved through the coupling of magnetic field. The mag-
netic flux density of the transmitting coil increases from
1:1232 × 10−4 T to 1:7974 × 10−4 T throughout the process,
which shows that the energy of the transmitting coil cannot
be effectively transmitted to the receiving coil with the
increase of radial offset distance. In addition, the effect of
concrete medium on the spatial distribution of magnetic flux
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Figure 2: Asymmetric coil model.

I1 =
jωL + R + RLoss2 + RL + 1/jωCð Þð ÞU1

jωL + R + RLoss2 + RL + 1/jωCð Þð Þ jωL + R + RLoss1 + 1/jωCð Þð Þ + f σð Þ2ω2M2e−j2β
,

I2 =
f σð ÞjωMe−jβU1

jωL + R + RLoss2 + RL + 1/jωCð Þð Þ jωL + R + RLoss1 + 1/jωCð Þð Þ + f σð Þ2ω2M2e−j2β
:

ð13Þ
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density always exists. The magnetic flux density is obviously
weakened at the interface between concrete and air. And
the weakening trend is more obvious with the increase of
radial offset distance, which shows that the transmission of
energy is hindered by concrete medium to a certain extent.

The simulation current can be obtained at different con-
ditions through the Maxwell and Simplorer joint simulation
method. The current simulation waveform when the radial
offset distance t = 0mm in dry concrete is shown in Figure 6.

The effect of radial offset on the transmission efficiency in
different concrete medium is shown in Figure 7. The trans-
mission efficiency remains almost constant when the radial
offset is in a small scope. With the increase of radial offset dis-
tance, the transmission efficiency decreases dramatically. The
effect of concrete conductivity on the transmission efficiency
is also significant. The transmission efficiency has overall
increase with the continuous decrease of concrete conductiv-
ity. Compared with wet and reinforced concrete, the energy
can be transmitted in dry concrete at a longer radial offset
distance. And the trend of transmission efficiency is identical
in different concrete conductivity with the increase of radial
offset distance, which confirms the relationship between the
eddy current loss and conductivity in the eddy current loss
formula, which further proves that the eddy current loss is
an important factor that causes the change of transmission
performance.

Us

C1 C2

RL

R2R1

L1 L2

M Rloss2Rloss1

Figure 3: Corrected circuit mutual inductance model in concrete.

0 300 600 (mm)

Figure 4: Three-dimensional system model.

Table 1: Design parameters.

Value

Internal diameter 80mm

External diameter 90mm

Wire diameter 2mm

Turns 5 turns

Axial distance 80mm

Concrete size (L ×W ×H) 500 × 250 × 150mm

Table 2: Circuit parameters.

Transmitting loop Receiving loop

Resonant frequency 6MHz

Resistance 0.2Ω

Power supply voltage 18V —

Load — 50Ω

Self-inductance 72.19μH 70.92μH

Matching capacitance 9.74 pF 9.92 pF
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Figure 5: Continued.
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The spatial distribution of magnetic flux density at differ-
ent dislocation angle is shown in Figure 8. In Figure 8, the
magnetic field is mainly distributed inside the coils and
between the coils, indicating that the transmission of energy
is achieved through the coupling of magnetic field. The mag-
netic flux density of the whole system remains almost con-
stant with the increase of dislocation angle α from 0° to 45°

indicating that the transmission performance does not
change much. In addition, the magnetic flux density is also
weakened at the interface between concrete and air. Since
the magnetic flux density remains almost constant, the weak-
ening trend is not obvious with the increase of dislocation
angle.

The effect of axial dislocation on the transmission effi-
ciency in different concrete medium is shown in Figure 9.
When the dislocation angle α varies from 0° to 45°, the trans-
mission performance remains steady and the fluctuation of
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Figure 5: The spatial distribution of magnetic flux density at different radial offset distance.
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Figure 6: Current simulation waveform of the two coils in dry concrete when t= 0mm.

Figure 7: The effect of radial offset on the transmission efficiency in
different concrete medium (dry concrete σ= 1 S/m, wet concrete
σ= 3.8 S/m, and reinforced concrete σ= 4.9 S/m).
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the transmission efficiency is small. Figure 9 still shows that
the eddy current loss is an important factor that causes the
change of transmission performance.

Figure 10 shows that the effect of resonant frequency on
the transmission efficiency in different concrete medium.
The transmission efficiency drops sharply with the increase
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Figure 8: The spatial distribution of magnetic flux density at different dislocation angle.
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of conductivity at the same resonant frequency which further
confirms the correctness of the conclusion analyzed from
Figures 7 and 9. The optimal resonant frequency in dry con-
crete is approximately 5.93MHz. The optimal resonant fre-
quency in wet concrete is approximately 5.82MHz. And the
optimal resonant frequency in reinforced concrete is approx-
imately 5.54MHz. It shows that the optimal resonant fre-
quency is gradually decreasing with the increase of
conductivity. Therefore, the frequency shift is also an impor-
tant factor that causes the change of transmission perfor-
mance. According to the change rule of the transmission
efficiency and the optimal resonant frequency in different
concrete conductivity, an optimization scheme to improve
the transmission efficiency is proposed. When the transmis-
sion efficiency is lower than the normal transmission stan-
dard in engineering due to the change of coil position or
the difference of concrete conductivity, the transmission effi-

ciency can be improved by properly reducing the resonant
frequency to close the optimal resonant frequency.
Figure 11 shows that the transmission efficiency can be
improved in reinforced concrete by this optimization
scheme. And compared with dry and wet concrete, the trans-
mission efficiency has a great improvement in the reinforced
concrete. Therefore, this optimization scheme is more effec-
tive for the system with high conductivity.

4. Experimental Validation

The experimental setups of wireless power transfer system
are shown in Figure 12. The digital signal generator, the
power amplifier, and the DC power supply constitute a
high-frequency power supply which provides energy for
magnetic resonance coupled wireless power transfer system.
The impedance matching device ensures the optimal trans-
mission performance before the experiments. The transmit-
ting coil and the receiving coil are two identical coils, and
the parameters of the coils are given as follows: wire diameter
2mm, coil radius 90mm, and 5 turns. To satisfy the experi-
mental requirements, the receiving coil and load is sealed in
the concrete. In order to study the effect of the conductivity
of concrete medium, the dry concrete, wet concrete, and rein-
forced concrete are used as the transmission medium. The
conductivity of the dry concrete, wet concrete, and reinforced
concrete is measured as 1.31 S/m, 3.63 S/m, and 4.97 S/m.
The load is a resistance box of the type EMC5307ALN, and
the resistance value is 50Ω.

The identical resonant frequency is a precondition for
magnetic resonance coupled wireless power transfer, and
the resonant frequency of the system is adjusted to 6MHz
by adding the corresponding compensation capacitance.
The axial distance between the coils is always fixed at
80mm during the experiment. Figure 13 shows that the effect
of resonant frequency on the transmission efficiency in dif-
ferent concrete medium. The effects of the conductivity of
concrete medium on the transmission efficiency from big to
small are reinforced concrete, wet concrete, and dry concrete.
And the optimal resonant frequency in different concrete
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Figure 9: The effect of axial dislocation on the transmission
efficiency in different concrete medium (dry concrete σ= 1 S/m,
wet concrete σ= 3.8 S/m, and reinforced concrete σ= 4.9 S/m).
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conductivity also changes. The optimal resonant frequency of
dry concrete, wet concrete, and reinforced concrete is
5.95MHz, 5.81MHz, and 5.50MHz, respectively. Since the
power amplifier is used to adjust the resonant frequency
directly in the experiment, it will lead to the loss of the trans-
mission efficiency. However, it does not hinder the overall
agreement with the simulation result.

In Figure 14, the transmission efficiency remains stable in
a small scope and decreases rapidly with the gradual increase
of radial offset distance. And the decreasing trend of trans-
mission efficiency remains basically consistent with the
increase of radial offset distance. According to the optimiza-
tion scheme, the resonant frequency is adjusted to the opti-
mal resonant frequency in different concrete conductivity,
and the transmission efficiency is improved to a certain
extent which has the most obvious effect on wireless power
transfer in reinforced concrete. When the dislocation angle
α varies from 0° to 45°, the transmission performance
remains steady in Figure 15 which still proves the effective-
ness of the proposed optimization scheme.

5. Results

The effects of radial offset and axial dislocation on the trans-
mission performance in different concrete conductivity were
analyzed. With the increase of radial offset distance, the
transmission efficiency decreased dramatically. When the
dislocation angle α varied from 0° to 45°, the fluctuation of
the transmission efficiency was small. And the effect of con-
crete conductivity on the transmission efficiency was holistic.
The transmission efficiency has overall decrease with the
continuous increase of concrete conductivity at different
radial offset and axial dislocation.

The relationship between the resonant frequency and the
transmission efficiency in different concrete conductivity was
analyzed; an optimization scheme was proposed. The opti-
mal resonant frequency was gradually decreasing with the
increase of conductivity. The frequency shift was also an
important factor that caused the change of transmission per-
formance. Thus, when the transmission efficiency was lower
than the normal transmission standard in engineering due
to the change of coil position or the difference of concrete
conductivity, the transmission efficiency could be improved
by properly reducing resonant frequency to close the optimal
resonant frequency.

6. Discussion

This paper studied and optimized the asymmetric wireless
power transfer system in concrete in the context of the con-
crete structural health monitoring network. Through the
proposal of the eddy current equivalent resistance and cor-
rected mutual inductance voltage, the influencing factors of
transmission efficiency were simplified. The effects of radial

Figure 12: Experimental setups of wireless power transfer system in concrete.
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Figure 13: The effect of resonant frequency on the transmission
efficiency in different concrete medium.
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Figure 14: The effect of radial offset on the transmission efficiency
in different concrete medium.
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offset and axial dislocation on the transmission efficiency in
different concrete conductivity were further analyzed by
establishing the field-circuit coupled model. Through the
relationship between the resonant frequency and the trans-
mission efficiency in different concrete conductivity, and an
optimization scheme was proposed to improve the transmis-
sion performance. Finally, the experimental setups were
established, and the theoretical analysis was verified, which
not only promoted the development of the concrete struc-
tural health monitoring network but also enriched the power
solutions of IoT. With the continuous development of wire-
less power transfer technology, its deep integration with the
IoT ecosystem will further reduce the production cost of
products and improve the coverage of the IoT.

Although the correctness of the optimization scheme in
concrete medium has been verified, it is uncertain whether
the scheme is effective for the wireless power supply system
of IoT under other transmission media. The relationship
between the resonant frequency and the transmission effi-
ciency in various transmission media will become the further
research direction in the future.
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